The latter neutral form is represented by an equilibrium mixture of the colored and fluorescent zwitterions RB ± and the colorless lactones RB , which exist in some solvents, but not in water, where the fraction of RB species is too small to be registered experimentally. In this work, the RB dye was used as a probe to understand the properties of the reversed micellar interface; also, the change in the location of RB in the CTAC reversed micellar media was investigated 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: tfuji@sci.hiroshima-u.ac.jp The acid-base behavior of rhodamine B (RB) in reversed micellar solutions of cetyltrimethylammonium chloride (CTAC) in 1-hexanol-cyclohexane/water was investigated through absorption and fluorescence measurements under varying the hydrogen-ion concentration in a water pool, the mole fraction of 1-hexanol in a bulk solvent and the water to surfactant molar concentration ratio. RB exhibited equilibria between the cationic, zwitterion and lactone forms of the dye as a cause of the spectral changes, indicating a change in the RB distribution among the reversed micellar water pool, interface and bulk solvent. Furthermore, RB was used as a probe to develop a method for determining the critical micelle concentration (CMC) in CTAC solutions. Abrupt variations in the intensities and wavelengths of the absorption and emission maxima of RB were observed at the CMC. The standard free energy of micellization was also evaluated from the CMC data.
Introduction
Several surfactants are able to aggregate in non-aqueous solvents of low polarity to yield reversed micellar systems when an appropriate concentration of surfactants, the critical micellar concentration (CMC), is reached. 1 Subsequently, these systems contain aqueous microdroplets, or so-called water pools, entrapped in a film of surfactant and dispersed in a low-polarity bulk solvent. 2, 3 Small solutes can be located in three different compartments: (a) an external organic solvent, (b) the micellar interface formed by a surfactant monolayer, and (c) the internal water pool. A major reason that reverse micelles are so useful for chemistry is that they create a large interface between the aqueous and non-polar organic phases, allowing reactants that prefer different phases to be brought together.
Reversed micellar solutions have been utilized to enhance and/or improve the analytical performance of chemiluminescence (CL) methods. 4, 5 Using cetyltrimethylammonium chloride (CTAC) reverse micelles as micro-reactors in CL analysis, we have developed a flow-injection method based on a reversed micellar-mediated CL detection following solvent extraction. [6] [7] [8] [9] In our previous studies concerning a luminol CL reaction with metal complexes in the CTAC reversed micellar solution, 10, 11 it has been noted that the dissociation of metal complexes occurs at the reversed micellar interface, and that the released metal ions subsequently catalyze the CL reaction in the reversed micellar aqueous phase immediately after metal uptake by the reverse micelle into the water pool. In the uptake process, the reversed micellar interface has been regarded as being significant. 12 While there is a considerable amount of information about the structure and properties of reverse micelles, little has been known about the behavior of uptake by reverse micelles.
The photophysics of rhodamine B, RB, which is a xanthane dye, in a homogenous aqueous solution, [13] [14] [15] [16] [17] in homogenous organic solvents 14, [16] [17] [18] and in aqueous micelles, 19 are well known. The spectroscopic and photophysical properties of RB are nevertheless still the subject of numerous research and controversies. 20, 21 For chemical studies in organized media, like colloids, microemulsions, micelles, etc., it has been found that studying the acid-base behavior of dyes is of importance. In reverse micelles of an anionic Aerosol-OT surfactant, the properties of the base acridine orange were investigated using absorption, fluorescence, and single-photon techniques; partitioning of the basic and acidic forms of the dye between the bulk organic phase and the micellar interface was examined. 22 To the best of our knowledge, on the other hand, there have been very few studies on the photophysics of rhodamine dyes in cationic CTAC micellar solutions and on the dye uptake by the reverse micelles of CTAC.
As given by Scheme 1, RB exists in solutions as a cation RBH + and a neutral molecular form of the dye, and the equilibrium between the cation and the neutral form can be shifted, depending on the hydrogen-ion concentration in the solutions.
spectrophotometrically; it was desired to specify the factors governing the RB uptake by the reverse micelles, which involves the interaction of RB with CTAC or interfacial solubilization of RB. In a preliminary study of the fluorescence emission of RB, we observed a remarkable change in the emission intensity when RB in 1-hexanol was mixed with the reversed micellar solution of CTAC in 1-hexanol-cyclohexane/water, where a buffer was contained. In addition, when the mole fraction of 1-hexanol, Xh, in the solvent mixed with cyclohexane was lowered (Xh = 0.045), the precipitation of RB was observed with the CTAC-free solution, even at a low concentration of RB (1 × 10 -4 mol dm -3 ), while in the presence of CTAC the RB salt dissolved completely in the solution at the same Xh. These observations suggested that the interaction of RB with CTAC or the CTAC reverse micelles occurred in the solution at a lower Xh. Since the acid-base property of RB is sensitive to the nature of the microenvironment, 19 the dye is expected to behave differently depending on its place of location within the reverse micelles. This study was thus carried out to examine the acid-base behavior and distribution of RB in the CTAC reversed micellar system by means of absorption and fluorescence spectroscopy, using 1-hexanol and its mixture with cyclohexane as reversed micellar bulk solvents. When 1-hexanol is used as a co-surfactant in making CTAC reversed micellar solutions, the alcohol molecules are anticipated to reduce the surface charge density of the micelle by intercalating among the interfacial surfactant molecules and increasing the separations between the ionic head groups of the surfactants. 23, 24 Thus, the addition of a co-surfactant, like 1-hexanol, leads to the formation of a stable microemulsion for such a surfactant as CTAC, which has a small packing parameter. 25 The use of 1-hexanol is also suitable because 1-hexanol has the advantage of no human exposure to toxic chlorinated solvents, like chloroform, as reported previously. 26 In our previous work, it was observed that 1-hexanol influenced the luminol CL reaction in the reverse micelles as well as the polarity of the micellar medium. 26, 27 Therefore, 1-hexanol is anticipated to have an impact on the acid-base behavior of RB. For a comparison, studies in homogeneous media (water and 1-hexanol) were also performed. To elucidate the effect of a reversed micellar microenvironment on the protolytic property of RB, we varied the experimental conditions: concentration of acid, concentrations of surfactant and water, mole fraction of 1-hexanol, and molar concentration ratio, Rw (= [H2O]/[CTAC]); these are the important factors that affect the physico-chemical properties of the reverse micelles, and thus probably the uptake process of RB by reverse micelles. Furthermore, it is presented that RB can be used as a probe to determine CMC and the standard free energy of micellization in the CTAC reversed micellar system. This work will also be undertaken to contribute to the above-mentioned analytical field to study CL reactions of RB in CTAC reversed micellar media.
Experimental

Materials
The surfactant CTAC was purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). 1-Hexanol and cyclohexane (HPLC grade) were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). Rhodamine B was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other reagents used were of analytical reagent grade. All chemicals were used without purification. Deionized water was freshly collected from an Advantec Toyo (Tokyo, Japan) Model GSU-901 water purification apparatus and used in making all aqueous preparations and related cleaning purposes. The buffer solutions were prepared by using: 0. 
Apparatus
The absorption spectra were measured over a wavelength range between 300 and 800 nm by using Hitachi (Tokyo) Model UV-3010 spectrophotometers. Fluorescence spectra were taken in a Hitachi Model F-2500 fluorescence spectrophotometer, and samples were excited with light of wavelength λex = 510 nm. For both fluorescence and absorption measurements, 1 cm quartz cells thermostatted at 25 ± 0.1 C were used, unless otherwise indicated. Determining the pH of the buffer solutions was performed on a Horiba (Tokyo) Model D-54 pH-meter equipped with an Ag/AgCl reference electrode in a cell with liquid injection (3.33 mol dm -3 KCl). Standard buffers (pH 1.68, 4.01, 6.86 and 9.18) were used for cell calibration. The water contents in the CTAC solutions were determined coulometrically using a Hiranuma (Mito) Model AQ-7 aquacounter.
Procedure
1-Hexanol and its mixtures with cyclohexane were used as reversed micellar bulk solvents. The preparation of the CTAC solutions at much lower mole fraction of 1-hexanol (Xh < 0.045) suffered from a problem of less solubility, and thus the reversed micellar bulk solvents were used in the Xh range from 0.045 to 1, where the precipitation of CTAC was prevented. Coulomeric experiments confirmed that the CTAC solutions prepared in 1-hexanol or 1-hexanol-cyclohexane without the addition of water contained negligibly small amounts of water (i.e., Rw < ca. 0.3). A stock reversed micellar solution was prepared daily, as before, 26 by dispersing an appropriate amount of the above-mentioned buffer solution into a reversed micellar bulk solvent containing the CTAC surfactant; for a reversed micellar solution of 0.044 mol dm -3 CTAC at Rw = 4, for example, 79 mm 3 of the buffer solution was injected into 25 cm 3 of the CTAC solution in 1-hexanol-cyclohexane at Xh = 0.045. By dissolving solid RB in 1-hexanol, a stock solution of 4.83 × 10 -4 mol dm -3 RB was made daily so as to avoid decomposition. Working reversed micellar solutions at a fixed water-to-surfactant molar ratio, Rw (= [H2O]/[CTAC]), were made before use by Scheme 1 serial dilution of the stock reversed micellar solution with the bulk solvent after the addition of a certain mount of the stock RB solution to the micellar solution, so that the RB concentrations, calculated on a final volume total solution basis, were 2 × 10 -6 and 1 × 10 -5 mol dm -3 in the reversed micellar solutions used for fluorescence and absorption measurements, respectively.
Results and Discussion
Effect of hydrogen ion concentration
The visible absorption spectra of RB, mixed with reversed micellar solutions of 0.044 mol dm -3 CTAC (Rw = 4), far above its CMC, as mentioned below, in 1-hexanol-cyclohexane (Xh = 0.045)/water buffered, are recorded as being a function of the hydrogen-ion concentration in the reversed micellar aqueous phase, i.e., water pool, and are shown in Fig. 1 . In this work, the pH of the aforementioned buffer solution dispersed was used as -log[H + ] for the hydrogen-ion concentration in the water pool. The apparent molar extinction coefficient, εapp (M -1 cm -1 ), and wavelength of the maximum, λabs (nm), of the visible absorption spectrum of RB obtained at -log[H + ] = 2 and 6 are collected in Table 1 . The absorption spectrum of the reversed micellar solutions of RB depends on the hydrogen-ion concentration. This implies that the spectrum changes as a result of the interaction of RB with the reversed micellar water pools, since the water molecules and buffers are considered to be accumulated almost completely in the water pools, and thus are negligibly present in the bulk solvent. 28 The spectral data obtained in the reversed micellar solutions are compared to those obtained in water. With the -log[H + ] range from 4 to 1, it is observed that the absorption spectrum intensity decreases with an increase in the hydrogen-ion concentration in usual aqueous solutions. In the reversed micellar solutions ( Fig. 1) , on the contrary, an increase of the hydrogen-ion concentration in the water pools causes a marked increase in the band intensity, and a red shift in the maximum λabs toward 565 nm. In the -log[H + ] range from 10 to 4, further, the shape of the spectrum and the frequency of its maximum remain constant at λabs = 544 nm, indicating that the nature of the buffers dispersed into the reversed micellar solutions does not affect the spectra. At higher hydrogen ion concentrations (-log[H + ] < 2), the band with a maximum at λabs = 557 nm in water characterizes the spectrum of the cationic form (RBH + ) of RB, as reported already, 15 whereas the band of the corresponding RB species in the reversed micellar solutions is red-shifted as compared with those in water. It was revealed that at higher concentrations of LiCl (>0.5 mol dm -3 ) in ethanol the association of the Cl -ion with the quaternary ammonium group of the protonated form RBH + occurred, resulting in a red shift of the absorption peak from 553 to 561 nm. 18 Therefore, the band at 565 nm is attributable to the ion pair or the RBH + ·Cl -salt, which is produced at the reversed micellar interface or in the water pool where the counter Cl -ions of the CTAC surfactants are accumulated. This implies that the uptake of RB by the CTAC reverse micelle into the water pool occurs since the RBH + ·Cl -salt is insoluble in aprotic solvents, 16 like cyclohexane or cyclohexane-rich mixtures.
Furthermore, there are variations in the fluorescence spectrum of RB with the hydrogen-ion concentration, which give more explicit information about the acid-base behavior of RB. As shown in Fig. 2 , the increase in the hydrogen-ion concentration produces a red shift in the maximum of the fluorescence spectrum both in the reversed micellar solution and in water. [CTAC] = 0.044 mol dm -3 , Rw = 4. water are characteristic of the shifts in the Eq. (1) represented in Scheme 1. 14 It was reported that a spectral shift to lower energies, i.e. an increase in λem, was observed by the protonation of RB. 17 In a reversed micellar solution, therefore, with an assumption that this equilibrium is established at the surfactant-water pool interface or in the water pool, the variations in λem of RB can be ascribed to the change of the neutral form RB ± to the cationic one RBH + , brought about by an increase in the hydrogen-ion concentration in the water pool.
Further, the above-mentioned absorption bands at λabs = 544 nm, observed with -log[H + ] = 4 and 10 in the reversed micellar solutions (Fig. 1) , are attributable to the RB ± species. However, the bands are blue-shifted, as compared with that of RB ± in water (λabs = 553, 16 554.1 nm 17 ), indicating that the RB ± species are not located in the water pools. It was noted that the emission of the neutral form RB ± is more intense than that of the cationic one. 15 With a decrease in the hydrogen ion concentration, in the -log[H + ] range from 2 to 4, the intensity of the fluorescence emission maximum, Iem, is increased rapidly in water, whereas in the reversed micellar solutions the emission intensity as well as the absorbance of RB (Fig. 1 ) is suddenly lowered, as shown in Fig. 2A . It was estimated that in water the fraction of RB molecules existing as lactone RB equals ca. 0.5 -1%, 19 and thus RB is present mainly as RB ± . In non-aqueous solvents, on the other hand, it was demonstrated that the position of the Eq. (2) between the zwitterion RB ± and the lactone RB forms, that is, the tautomeric equilibrium of RB, given in Scheme 1, depends on the properties of the solvents, like hydrogen bonding and polarizability. 16 The species RB ± is unstable in aprotic solvents, like cyclohexane, where the RB ± concentration is less than 0.5% that of RB . 14, 16 Since none of the RB solutions shows visible absorptions 16, 19 or fluorescence emissions, 19 the drops in the absorbance and the emission intensity of RB in the reversed micellar solutions could be ascribed to a shift in the tautomeric equilibrium toward the right, resulting in RB formation, if the RB ± is presumed to be situated outside the water pools, as mentioned above. It was proposed that the fraction of RB molecules existing as RB ± in a given solvent could be determined from the apparent molar extinction coefficient of RB in the visible region in the solvent relative to the 100% RB ± standard. 16 Using the molar extinction coefficient, ε = 13.0 × 10 4 dm 3 mol -1 cm -1 , of the pure RB ± form of RB, 16 a percentage value of RB ± , is estimated from εapp (Table 1) in this way to be 5.3% in the reversed micellar solution at -log[H + ] = 6.
Effect of the mole fraction of 1-hexanol
A comparative inquiry on the acid-base behavior of RB was carried out in 1-hexanol (Xh = 1) and reversed micellar solutions, where 1-hexanol was used as a bulk solvent. At higher hydrogen-ion concentrations in the water pools of reversed micellar solutions (-log[H + ] < 3) and in 1-hexanol solutions (-log[H + ] < 4), the intensities of the fluorescence emission maximum of RB in the former solutions were lower than those in the latter solutions (Fig. 3A) , while the wavelengths of the emission maximum in both solutions were almost the same (λem = 577 nm) (Fig. 3B) .
With the lower hydrogen-ion concentrations, on the other hand, it was observed that the intensities and wavelengths of the emission maximum obtained in the reversed micellar solutions were nearly equal to those in 1-hexanol solutions, respectively, as shown in Fig. 3A , curves a and b, respectively. The dependences of the visible absorption spectrum of RB on the hydrogen-ion concentration were also observed in the 1-hexanol and in the reversed micellar solutions. The εapp and λabs values obtained in the reversed micellar solutions are also summarized in Table 1 , together with the wavelengths of the emission maximum. At a lower hydrogen ion concentration (-log[H + ] = 6), the absorption bands in the 1-hexanol and in the reversed micellar solutions were blue-shifted relative to that in an aqueous solution. Similar blue shifts were reported for RB ± in alcohols, such as ethanol 14, 16 and 1-hexanol. 16 Also, red shifts in the absorption band from 544 nm at -log[H + ] = 6 to 556 nm at -log[H + ] = 2 (Table 1 ) marks the transition from RB ± to RBH + in both the 1-hexanol and reversed micellar solutions. The shifts in the acid-base equilibrium of RB are considered to be caused around the inflection points of the curves given by the plots in Fig. 3B . The inflection point obtained in 1-hexanol is shifted by 0.9 units as compared with that in the reversed micellar solution. These results imply that even when 1-hexanol is used as the bulk solvent in the reversed micellar solution, the protonated species, RBH + , is produced at the interface and/or in the water pool, but not in the bulk solvent. Additionally, the spectral results show a lowering of the εapp coefficients of absorption at lower hydrogen ion concentrations in the 1-hexanol, and in the reversed micellar solutions, as compared with the aqueous solution, likely being due to a transformation of RB ± to the colorless RB . A percentage RB ± value was determined using εapp (Table 1) in the above way to be 40% in the reversed micellar solution at -log[H + ] = 6. This value is relatively lower than that in water, but comparable to that reported for RB ± in 1-hexanol (44.6%). 16 These results suggest that in the reversed micellar solution at Xh = 1, RB ± is located outside the water pools, and may be stabilized to some extent by 1-hexanol in the bulk solvent, probably due to hydrogen bonding. 16 Under varying the mole fraction of 1-hexanol in the reversed micellar bulk solvent, the spectral properties of RB were also investigated through a series of absorption and emission experiments. The RBH + ·Cl -species dissolves in protic solvents, e.g. 1-hexanol, 16 where dissociation of the ion pair is considered to occur, thus leading to the presence of the species RBH + in the bulk solvent, probably due to its solvation by 1-hexanol molecules. As shown in ± . This indicates that the tautomeric Eq. (2) (Scheme 1) is shifted toward the right, which leads to colorless lactone formation in the bulk solvent. Emission spectra measurements also show similar variations in the fractions of the respective RB species with the mole fraction of 1-hexanol.
Effect of the molar concentration ratio [H2O]/[CTAC]
The molar concentration ratio, Rw, strongly affects the physicochemical properties of the reverse micelles, [1] [2] [3] [4] [5] especially at the reversed micellar surfactant-water interface, 12, 28, 29 and an increase in Rw causes an increase in the size of the reverse micelles. The Rw value is varied by changing the amount of water containing a buffer (-log[H + ] = 2 or 4) at a fixed concentration of CTAC ([CTAC] = 0.044 mol dm -3 ) in the reversed micellar solution. With an increase in Rw, as shown in Fig. 5 , no appreciable change in the emission maximum, λem, of RB is observed when using of 1-hexanol as the reversed micellar bulk solvent, whereas red shifts in λem are caused when the 1-hexanol fraction is much lower (Xh = 0.045), proving binding of the RB species to the reverse micelles. In the latter reversed-micellar solutions at Xh = 0.045, however, the emission bands, λem, observed with -log[H + ] = 4, attributed to RB ± , show a blue shift, as compared with water (λem = 572.9 nm 17 ), as well as the above-mentioned absorption band, λabs (Fig. 1) . These observations imply that RB ± is situated outside the water pool, but probably at the reversed micellar interface or in the immediate neighborhood of the surfactant polar headgroups. In our previous work, it was assumed that the counter Cl -ions of CTAC are hydrated at the reversed micellar interface. As predicted by a MD simulation for a cationic surfactant reverse micelle, 30 there is an anion distribution in the interfacial phase of the reverse micelle, and the penetration of water molecules into the interfacial region is caused by anion hydration. Therefore, it is likely that about 5% of RB, as estimated above, is solubilized as the RB ± form in the interfacial phase, and may be stabilized, probably due to its solvation by the water molecules that penetrated.
It has been widely recognized that the emission characteristics of many fluorophores are very sensitive to the solvent polarity or to the local environment, 31 and the possibility of using RB as an interfacial acid-base indicator in micellar solutions was also demonstrated. 19 The fluorescence maximum shifts to longer wavelength with increasing solvent polarity or dielectric constant, and the effect is larger for the zwitterion form compared to the protonated form. 32 This is due to the solute-solvent, dipole-dipole reorientation of the polar solvent molecules around the increased (relative to the ground state) dipole moment of the excited state. The positively charged headgroups of the CTAC surfactants may form a spherical electrostatic field around the reversed micellar water pool. This may cause an increase in the polarity of the microenviroment in the region near the reverse micelle surface, but the polarity is believed to be lower than that of water. 33 Because the RB ± species are probably solubilized in the interfacial phase in reversed micellar solutions at Xh = 0.045, as mentioned above, the λem observed for RB ± can be expected to provide some information about the polarity of the microenvironment in the interfacial phase. It has been noted that there is a relationship between the wavenumber of the emission maximum of RB and the solvent dielectric constant. 32 With this prediction, the apparent dielectric constant of ca. 18 for the microenvironment in the interfacial phase of the CTAC reverse micelle at Rw = 8 can be estimated from the emission band at λem = 564 nm (wavenumber of 17700 cm -1 ), presented in Fig. 5 , comparable to that observed for the interfacial phase in the reverse micellar solution of CTAC in chloroform at Rw = 4. 29 Further, a decrease in λem for RB ± with decreasing Rw (Fig. 5) indicates a decrease in the polarity of the interfacial phase. This effect of Rw on the polarity coincides with that on the properties of water in reverse micelles. For example, the water molecules exhibit more restricted mobility due to stronger solvation of the surfactant polar groups at lower Rw values, 5 probably resulting in a lowering of the polarity of the microenvironment in the interfacial phase.
Determination of CMC and standard free energy of micellization
With the aid of RB, which exhibits acid-base equilibrium as a cause of the aforementioned spectral changes, the CMC values can be obtained for the reversed micellar systems of the CTAC surfactant in 1-hexanol and in 1-hexanol-cyclohexane mixtures. By the serial dilution of the CTAC solution containing a small amount of aqueous acidic buffer (-log[H + ] = 2) with the bulk solvents, and keeping the RB concentrations constant in the resultant solutions, the concentrations of water and CTAC in the solution are varied under a fixed Rw condition. As typical results of absorption measurements of RB in the resulting solutions of CTAC, Fig. 6 shows the variations of the λabs of the absorption maximum of the RB as a function of the CTAC concentration in the 1-hexanol and 1-hexanol-cyclohexane (Xh = 0.045) systems at Rw = 4. If the CTAC concentration in the solutions is below its CMC, the acid concentration may not be high enough to shift the aforementioned Eq. (1) (Scheme 1) toward the left, since the acid is homogeneously dispersed, resulting in no production of the cationic form. Above CMC, on the other hand, the reversed micellar water pools in which the acid (-log[H + ] = 2) is concentrated may be generated in the CTAC solution, and RB is present as RBH + due to its protonation at the revered micellar interface or in the water pool, as mentioned above. In the case of the 1-hexanol system (Fig. 6) , λabs remains practically constant near 543 nm, attributable to the RB ± , at lower CTAC concentrations, while upon the formation of reverse micelles the cation of RB is produced and λabs thus shows a sharp increase, which determines the CMC of the system. At the CMC, a remarkable rise in the absorption intensity also appears.
With the system of 1-hexanol-cyclohexane (Xh = 0.045) or a cyclohexane-rich mixture, an appreciable red shift in the maximum λabs (Fig. 6) , and a large increase in the band intensity are observed similarly at a CTAC concentration corresponding to its CMC. As can be seen in Fig. 6 , however, the spectral data reveals that below CMC the protonated species, absorbing near 558 nm, is formed to some extent, even at much lower concentrations of hydrogen-ion; also, the fraction of the zwitterionic species is negligible, but above CMC the band is shifted to the red with λabs = ca. 564 nm, attributed to RBH + ·Cl -, indicating the RB uptake by the reversed micellar water pools produced. Table 2 lists the CMC values obtained for both systems at different Rw values; increasing Rw causes a decrease in the CMC. Parallel fluorescence measurements for the same systems of CTAC confirm the similar appearance of abrupt variations in the intensity and the wavelength of the emission maximum at the CTAC concentration corresponding to the CMC. As given in Table 2 , the CMC values obtained from the fluorescence measurements are in fair agreement with those from the absorption measurements at the respective Rw values, although the RB concentration (2.0 × 10 -6 mol dm -3 ) used for the fluorescence measurements is considerably different from that (1.0 × 10 -5 mol dm -3 ) for the absorption measurements. These results demonstrate that the RB concentrations used were too low to affect the micellization.
The free-energy change for the transfer of 1 mole of surfactants from an ideal solution to the micellar phase is referred to as the standard free energy of micellization ΔG m. Assuming that the phase separation model (equilibrium between monomers and micelles) is an adequate representation in the CTAC micellizations at various Rw values, it is possible to estimate ΔG m, given by the following expression: 34, 35 ΔG m = RTln(Xm).
(
Here, R is the gas constant, T the absolute temperature and Xm the CMC expressed in mole-fraction units, For the reversed micellar systems of 1-hexanol and 1-hexanol- cyclohexane (Xh = 0.045) used as bulk solvents, the respective plots of ΔG m against Rw are linear up to Rw = ca. 5 (Fig. 7) . In a previous study on micellization in solutions of CTAC in chloroform and in 6:5 (v/v) chloroform-cyclohexane, 28 a similar linear relationship between ΔG m and Rw was observed, and it was noted that the slope (ΔΔG m) of the linear plot gives the micellar stabilization energy gained by an increment of the mole of water molecule per CTAC molecule, or per its counter Cl -ion. For the 1-hexanol/CTAC/water and the 1-hexanolcyclohexane/CTAC/water systems, ΔΔG m values of -0.70 ± 0.03 and -0.74 ± 0.01 kJ mol -1 were obtained, respectively. The presence of traces of water is regarded as being significant for the formation of surfactant aggregates. 36 Since the Clhydration should be enhanced with increasing Rw, the negative ΔΔG m values suggest that the anion hydration effect has some relevance to a critical role in stabilizing the micelle formation, as predicted in the MD simulation study. 30 The obtained micellar stabilization energies are closely equal to that for the chloroform/CTAC/water system (ΔΔG m = -0.72 kJ mol -1 ), but are smaller than that for the chloroform-cyclohexane system (ΔΔG m = -1.5 kJ mol -1 ). 28 This can be explained by assuming that the 1-hexanol molecules intercalating among the interfacial surfactant molecules suppress the Cl -hydration, likely due to interactions of 1-hexanol molecules with water molecules and/or with Cl -ions in the interfacial region of the CTAC reverse micelle. Furthermore, it can be seen from Fig. 7 that a break in the linear ΔG m vs. Rw plot appears at Rw = ca. 5 for each of the systems of 1-hexanol/CTAC/water and 1-hexanol-cyclohexane/ CTAC/water, similar to that reported previously for the chloroform/CTAC/water system. 28 This finding seems to be taken as an indication of saturation of the Cl -hydration within the microenvironment in the interfacial phase of the reverse micelle at Rw = ca. 5, which is almost independent of the nature of the reversed micellar bulk solvents.
The intercept of the plot illustrated in Fig. 7 gives the standard free energy, ΔG m,0, for the micellization or formation of CTAC aggregates at Rw = 0, that is, in the absence of water. For the 1-hexanol and 1-hexanol-cyclohexane systems, ΔG m,0 values of -13.0 ± 0.1 and -17.1 ± 0.1 kJ mol -1 were obtained, corresponding to CMC values Xm = 0.0057 and 0.00086, respectively. In our previous work, the ΔG m,0 values of -14.1 and -16.0 kJ mol -1 were reported for chloroform and 6:5 (v/v) chloroformcyclohexane systems, respectively. 28 These results indicate that the stability of the CTAC reverse micelle formation increases with the bulk solvent in the following order: 1-hexanol < chloroform < 6:5 (v/v) chloroform-cyclohexane < 1-hexanolcyclohexane (Xh = 0.045). It has been pointed out that the aggregation of surfactants in low polar solvents is hindered by solvent-surfactant interactions. 36 Thus, the effect of the bulk solvent on the micellar stabilization may arise from the solvation of CTAC. CMC values for the reversed micellar systems at Rw = 4 were also obtained at the different mole fractions of 1-hexanol in the bulk solvents; the CMC value increases with an increase in Xh. Figure 8 shows the dependence of ΔG m on Xh for the reversed micellar solutions at Rw = 4. When the 1-hexanol fraction is increased, rapid decreasing of the stability of reversed micelle formation is caused up to Xh = ca. 0.2. This suggests the preferential solvation of CTAC by 1-hexanol in the bulk solvent, which may bring about a suppression of the transfer of CTAC from the bulk phase to the micellar phase, and that CTAC solvation by 1-hexanol is almost complete around Xh = 0.2.
Conclusions
In the present work on the acid-base behavior of RB in reversed micellar solutions of CTAC in 1-hexanol-cyclohexane/water, the following conclusions are made on the basis of results obtained using the absorption and fluorescence spectroscopic methods. The equilibria between the cationic RBH + , the zwitterion RB ± and the lactone RB forms of the dye in the reversed micellar solutions can be shifted depending on the hydrogen-ion concentration in the water pool, the mole fraction of 1-hexanol in the bulk solvent and the water-to-surfactant molar concentration ratio. The obtained results concerning the acid-base equilibrium, exhibited by RB as a cause of the spectral changes in reversed micellar solutions, suggest that the protonation of RB occurs at the revered micellar interface, or in the water pool. When cyclohexane-rich mixtures were used as the bulk solvent, e.g. Xh = 0.045, the uptake by the reverse micelles only into the highly acidic water pools (-log[H + ] ≤ 2) occurred where the cationic form was present as the ion pair RBH + ·Cl -, whereas at lower hydrogen ion concentrations in the water pools, the RB ± produced was localized at the reversed micellar interface. Thus, the emission bands observed for the RB ± in reversed micellar solutions at lower Xh provide some information about the polarity of the microenvironment inside the interfacial phase. Furthermore, a method for the determination of CMC is proposed using RB as a probe, which shows abrupt changes in the intensities and the wavelengths of the absorption and emission maxima of RB upon formation of the reverse micelles. The standard free energy of micellization, estimated from the CMC data, indicates that the micellar stabilization is enhanced by an increase in Rw and by a decrease in the 1-hexanol fraction in the reversed micellar bulk solvent.
